A ccumulating evidence indicates that tumor-infiltrating inflammatory cells contribute significantly to tumor progression by suppressing host immunity, facilitating tumor cell invasion, and participating in the formation of new blood vessels (1, 2) . Suppressive myeloid cells were described .20 y ago in cancer patients (3) , but their functional importance in regulating the immune response and tumor development has only been appreciated in recent years. It has now been consistently shown in many studies that a population of cells with suppressive activity (known as myeloid-derived suppressor cells; MDSCs) contributes to the negative regulation of immune responses during cancer and other diseases (4) . MDSCs represent a heterogeneous population of myeloid cells in early differential stages that can be identified in mice by expression of CD11b and Gr-1 (4). More recently, tumor-expanded MDSCs were subdivided into two different subsets based on their expression of the two molecules Ly-6C and Ly-6G: granulocytic MDSCs (CD11b + Ly6C low Ly6G high ) and monocytic MDSCs (CD11b + Ly6G low Ly6C high ) (5, 6) . As one of the main cell populations responsible for regulating immune responses, MDSCs act to suppress T cell function through a number of mechanisms involving arginase 1 (ARG1), inducible NO synthase, and reactive oxygen species (4, 7) . The expansion of MDSCs is regulated by several factors released by tumor cells, stromal cells, and activated immune cells; these factors trigger different signaling pathways in MDSCs that mainly involve the STAT family of transcription factors, including STAT1, STAT3, and STAT6 (4, 8) . Besides suppression of T cell response, we also found that MDSCs could induce NK cell anergy (9) .
In addition to their depressive effect on host immune surveillance, MDSCs also play critical roles in prompting of tumor invasion and metastasis (5, 6) . We and others have previously reported that tumor-derived factors mobilize MDSCs from the bone marrow into the tumor site where they produce multiple MMPs that contribute to tumor invasion (10, 11) . The regulation of adaptive immune response by MDSCs has been extensively studied. It has become clear that the immunosuppressive activity of MDSCs requires the persistent activation of STAT3 (4, 12) ; however, the molecular mechanisms that regulate the accumulation and activity of MDSCs especially the nonimmunological functions still remain to be elucidated. Understanding the molecular networks controlling the accumulation and functional determination of MDSCs is essential in identifying potential therapeutic targets for cancer intervention.
MicroRNAs (miRNAs), an abundant class of endogenous, small, noncoding RNAs of ∼22 nucleotides in length, are posttranscriptional regulators that bind to specific cognate sequences in the 39-untranslated region (39-UTR) of target transcripts, usually resulting in translational repression and gene silencing. Mounting studies in recent years showed that miRNAs play crucial roles in the regulation of diverse biological processes, such as development, inflammation, and tumorigenesis (13) . Our previous studies have shown that miRNAs participate in the regulation of macrophage function in inflammatory immune response (14, 15) . However, it is still not clear whether and how miRNAs are involved in the regulation of MDSC biology.
In the current study, we investigated the possible involvement of miRNAs in governing the expansion and functions of MDSCs. We found that at high levels, microRNA-494 (miR-494) plays a critical role in regulating the nonimmunological activity of MDSCs in promotion of tumor progression. miR-494 activates the PI3K/Akt pathway by targeting of phosphatase and tensin homolog (PTEN) and hence not only enhances the ability of MDSCs to infiltrate into tumor tissue but also facilitates tumor invasion and metastasis via the upregulation of MMPs. These findings might provide new insights into the molecular mechanisms that regulate the expansion and functions of tumor-associated MDSCs and the exploration of potential targets for therapeutic intervention.
Materials and Methods
Animals, cell lines, and reagents C57BL/6 and BALB/c mice (female, 6 to 8 wk old) were purchased from Shanghai Slac Animal (Shanghai, China). Smad 3-deficient mice established as previously described (16) were maintained under a specific pathogen-free condition. Experiments and animal care were performed according to protocols approved by the Zhejiang University Institutional Animal Care and Use Committee.
The 293FT cell line for generation of high-titer lentivirus was obtained from Invitrogen. The murine breast cancer 4T1 cells were a kind gift from Prof. Yangxin Fu (University of Chicago, Chicago, IL). Murine Lewis lung carcinoma (3LL), melanoma (B16), T lymphoma (EG7), B lymphoma (A20), and colon carcinoma (CT26) were obtained from American Type Culture Collection. Mice were injected s.c. in the flank (or the mammary fat pad for the 4T1 model) with 1 3 10 5 tumor cells. Three weeks later, tumorbearing animals were used for the indicated studies.
DMSO, 6-thioguanine, GM6001, LY294002, rapamycin, and BAY-117082 were obtained from Sigma-Aldrich. Recombinant murine TGFb1, GM-CSF, and IL-6 were purchased from R&D Systems. To generate tumor cell-conditioned medium (TCCM), subconfluent 4T1 tumor cells were kept in RPMI 1640 medium with a reduced (2%) serum concentration for 48 h. After that time, supernatants were collected, aliquoted, and kept at 280˚C until further use.
Isolation of the cells
A single-cell suspension was prepared from the spleen, bone marrow, and tumor tissue of the mice bearing 4T1, B16, EG7, A20, CT26 tumors. The cells were then subjected to 40%/70% Percoll (Sigma-Aldrich) gradient, and leukocytes were recovered from the interphase. Erythrocytedepleted lymphocytes were isolated using anti-Gr-1 (clone RB6-8C5) conjugated to biotin followed by anti-biotin MicroBeads for Gr-1 + cells. The purity of the cell population was .95%. CD11b high monocytic MDSCs were isolated by cell sorting on a FACSAria II cell sorter (BD Biosciences). The purity of the cell populations was .99%.
Microarray assay
The miRNA microarray assay was conducted by service provider KangChen Bio-tech (Shanghai, China). Total RNA was harvested using TRIzol (Invitrogen) and the RNeasy Mini Kit (Qiagen), and the samples were then labeled using the miRCURY Hy3/Hy5 Power labeling kit and hybridized on the miRCURY LNA Array (v.11.0). Scanning was performed with the Axon GenePix 4000B microarray scanner. GenePix Pro V6.0 was used to read the raw intensity of the image. The intensity of green signal was calculated after background subtraction, and replicated spots on the same slide were averaged by getting a median intensity. We used the median normalization method to obtain "normalized data": normalized data = (foreground 2 background)/ median; the median represents the 50% quantile of miRNA intensity which is .50 in all samples after background correction. Significance of results was determined via fold change and t test. The threshold value we used to screen differentially expressed miRNAs was fold change $1.30 or fold change #0.77 and p value ,0.05. The microarray data were submitted to the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE36309.
RNA isolation and real-time quantitative PCR
Real-time quantitative RT-PCR (qRT-PCR) analysis was performed using an ABI 7500 system (Applied Biosystems) and SYBR RT-PCR kits (Takara). The relative expression level of miRNAs was normalized to that of internal control U6 by using the 2 -DDCt cycle threshold method. The primers for detecting all the miRNAs are described in Supplemental Table I . For ARG1, MMP2, MMP9, MMP13, MMP14, and PTEN mRNA analysis, the primers are also listed in Supplemental Table I . Data were normalized by the level of GAPDH expression.
Flow cytometry
Flow cytometry was conducted using a BD Biosciences LSR device and analyzed with FlowJo (Tree Star). Phospho-Akt staining was carried out using the Cytofix/Cytoperm kit (BD Biosciences). Abs used for FACS staining were anti-mouse Gr-1, CD11b, Ly6G, Ly6C, and Annexin V Apoptosis Detection Kit from BD Biosciences, anti-CXCR4 from BioLegend, and anti-p-Akt from Cell Signaling Technology.
Lentiviral vector construction
A genomic sequence spanning the mouse miR-494 coding region flanked by ∼100 bp from 59 or 39 on either end, a sequence encoding scrambled oligonucleotide control, or miR-494 specific inhibitor (sponge) was cloned into the pSIF-H1-coGFP Lentivector (System Biosciences). For overexpression of PTEN, a sequence encoding the CDS region of PTEN was cloned into the pCDF1-MCS2-EF1-copGFP Vector (System Biosciences).
In vitro cell migration and invasion assays
To assess cell migration, MDSCs were seeded onto the top chamber of Transwell filters (8 mm; Costar). The filters were placed in a 24-well plate containing medium with recombinant murine stromal cell-derived factor-1 (SDF-1/CXCL12) at 100 ng/ml. Migrated MDSCs were counted (five fields/well) 6-8 h after incubation. For in vitro invasion assay, 4T1 cells were labeled with CMTMR (Molecular Probes), after which 4T1 cells with or without MDSCs (labeled with CFSE) were seeded onto the top chamber of Transwell filters coated with Matrigel (Becton-Dickinson). The filters were placed in a 24-well plate containing culture media of 10% FCS. Invaded 4T1 cells were counted (five fields/filter) 6-8 h after incubation.
In vivo miR-494 manipulation experiment 4T1 cells (1 3 10 5 ) were injected into the mammary fat pad of female BALB/c mice. Then, 2.5 3 10 7 PFU lentivirus containing miR-494 specific inhibitor (lv-sponge) or scrambled oligonucleotide control (lv-ctrl) was i.v. administered, and the 2.43 mAb or the isotype was given to the mice i.p. (100 mg/mouse) on days 3, 10, and 17 after tumor inoculations. Tumor measurements were performed with a caliper by measuring the largest diameter and its perpendicular length; the tumor size index is the average of the product of these diameters. Primary tumors were surgically resected on day 24. Five mice in each group were sacrificed for the analysis of lung metastases with the colonogenic assay. Five mice in each group were observed for survival .50 d postsurgery. Immunostaining of MDSCs in tumor tissue was performed using biotinylated anti-Gr-1 (eBioscience), followed by PE-conjugated streptavidin (eBioscience). Slides were viewed with an Olympus IX71 fluorescent microscopy (Olympus) using an LUCPlanFLN lens at 340/NA 0.6. Images were acquired using a DP2 digital camera and were processed with DP2-BSW and Adobe Photoshop version 8.0 software (Adobe Systems).
Colonogenic assay
Lungs were collected and chopped before being dissociated in DMEM supplemented with 10% FCS containing 1.5 mg/ml collagenase type D (Sigma-Aldrich) for 30 min in a 37˚C incubator with shaking at 178 rpm. Organs were plated at various dilutions in the DMEM supplemented with 10% FCS and 60 mM 6-thioguanine. Individual colonies representing micrometastasis were counted after 5-10 d as previously described (17).
39-UTR luciferase reporter assays
The PTEN 39-UTR luciferase reporter construct was made by amplifying the mouse PTEN mRNA 39-UTR sequence and cloning it downstream of the CMV-driven firefly luciferase cassette in the pMIR-REPORT vector (Ambion). HEK-293 cells were cotransfected with 80 ng luciferase reporter plasmid, 40 ng pRL-TK-Renilla-luciferase plasmid, and the indicated RNAs (final concentration, 20 nM). Luciferase activities were measured using the Dual-Luciferase Reporter Assay System (Promega).
Western blot analysis
Lysates from purified cells were denatured and subjected to SDS-PAGE; proteins were transferred to polyvinylidene difluoride membranes. The membranes were incubated with the primary Abs against PTEN, Akt, mTOR, NF-kB, b-actin and phosphorylated Akt, mTOR, NF-kB p65, followed by hybridization with the secondary HRP-conjugated Abs. Detection was performed as described previously (18) .
Statistical analysis
Statistical analysis was performed using Student t test, ANOVA, and logrank test (for survival analysis) using SPSS (version 10.0), with a p value ,0.05 considered statistically significant.
Results

miR-494 is highly expressed in tumor-expanded MDSCs
By comparing the miRNA expression profile between Gr-1 +
CD11b
+ cells from 4T1-bearing mice (MDSCs) and their counterpart from tumor-free mice using an array-based miRNA profiling, eight differentially expressed miRNAs were identified. Three were upregulated (miR-494, miR-882, miR-361) and five were downregulated (miR-466j, let-7e, miR-133b, miR-713, miR-322) (Fig. 1A) . We confirmed the expression of these miRNAs by qRT-PCR analysis (Fig. 1B) . Consistent with the array data, the result showed that miR-494 had the highest expression and the most significant difference (tumor versus control, p , 0.01). MDSCs consist of two major subsets of CD11b To address whether our observation that miR-494 upregulation in 4T1 tumor-expanded MDSCs could be extrapolated to MDSCs expanded by other tumors, 3LL Lewis lung carcinoma, B16 melanoma, EG7 T lymphoma, A20 lymphoma, and CT26 colon carcinoma were established by injecting 1 3 10 5 cells s.c. into the mice. A significant increase in the proportion of Gr-1 + CD11b + MDSCs in the spleens was observed in all tumor models (Supplemental Fig. 1 , tumor versus control, all p , 0.01). Importantly, significant upregulation of miR-494 was observed in MDSCs derived from all these tumors, although there was variation between different models (Fig. 1D ). These results indicated that the upregulation of miR-494 is the common intrinsic character of MDSCs in these established tumor models.
Tumor-derived factors, especially TGF-b1, markedly induce the upregulation of miR-494 in MDSCs
Previous studies have demonstrated that the expansion and acquisition of immunosuppressive activity of MDSCs in vivo and in vitro can be mediated by tumor-derived factors (TDFs) (12, 19, 20) . Gr-1 + CD11b + cells isolated from tumor-free mice do not show a relevant suppressive activity and quickly differentiate into mature granulocytes, macrophages, or dendritic cells. However, Gr-1 + CD11b + cells isolated from tumor-bearing mice have immunosuppressive activity and impaired ability to differentiate into mature cells (4) . Moreover, compared with MDSCs isolated from lymphoid organs or peripheral blood, tumor-infiltrating MDSCs show a stronger ability to suppress adaptive immune response and facilitate tumor cell invasion and metastasis via release of various MMPs (21, 22) . To investigate whether miR-494 expression is also regulated by TDFs, Gr-1 + CD11b + cells isolated from tumor-free mice were cultured with 4T1 TCCM. As expected, we found that miR-494 expression was significantly induced by TCCM in a dose-dependent manner ( Fig. 2A) .
Some TDFs have been reported to induce MDSC expansion, including IL-6 and GM-CSF (23) . As shown in Fig. 2B , we found that the expression of miR-494 in Gr-1 + CD11b + cells was not affected by GM-CSF and IL-6, but interestingly, miR-494 expression was significantly induced by TGF-b1 treatment (p , 0.001). Moreover, the induction of miR-494 was partially blocked by anti-TGF-b1 mAb in cells stimulated with 4T1 TCCM (Fig.  2C) , and the upregulation of miR-494 was impaired in Smad 3-deficient Gr-1 + CD11b + cells isolated from the spleen of Smad 3 2/2 mice (Fig. 2D) . Therefore, it suggested that TGF-b1 is an important factor responsible for the miR-494 upregulation in MDSCs and it induces the expression of miR-494 via the Smad 3-dependent pathway. Because blockade of TGF-b1 by anti-TGF-b1 mAb or cells from Smad 3 2/2 mice could not completely block the effect of TCCM, it indicated that the induction of miR-494 may be the combined effect of several cytokines. More interestingly, the expression of ARG1, MMP2, MMP13, and MMP14 in MDSCs was closely correlated to the expression level of miR-494 at the indicated time points upon TCCM stimulation, whereas the expression of MMP9 did not show a significant change (Supplemental Fig. 2 ). We observed a similar increase in the expression of ARG1, MMP2, MMP13, and MMP14 in Gr-1 + CD11b + cells stimulated with TGF-b1 (Fig. 2E ). Given that tumor-infiltrating MDSCs possess a stronger ability to promote tumor progression compared with MDSCs isolated from lymphoid organs, we compared the expressions of miR-494 and MMPs in MDSCs isolated from the spleens (sp-MDSC) and tumor tissues (tu-MDSC). A 10-fold increase in the level of miR-494 was accompanied by dramatically high expression levels of ARG1, MMP2, MMP13, and MMP14 in tu-MDSC compared with sp-MDSC from 4T1-bearing mice (Fig. 3) . Taken together, these data suggested that the expression level of miR-494 might be involved in the activation and functions of MDSCs.
The migration and functions of tumor-expanded MDSCs are miR-494 dependent
To investigate further the role of miR-494 in regulating the activity of MDSCs, we constructed lentiviral vectors containing mir-494 (lv-494), its specific inhibitor (lv-sponge), and scrambled oligonucleotide control (lv-ctrl) for miR-494 manipulation. The transfection efficiency of lentiviral vectors was .80% in the whole MDSC cell population even at a very low multiplicity of infection (Supplemental Fig. 3A ), and a significantly high level of miR-494 expression was demonstrated in cells after lv-494 transfection by qRT-PCR (Supplemental Fig. 3B ), which suggested lentiviral vectors were suitable for miR-494 manipulation.
First, we determined whether the manipulation of miR-494 could influence the viability of MDSCs. 4T1-expanded MDSCs were infected with lv-494, lv-sponge, or lv-ctrl, and there was no difference in the proportion of apoptotic cells at the 24-h time point regardless of overexpression or knockdown of miR-494 (data not shown). Notably, a dramatic decrease in the proportion of annexin V-positive cells was observed in lv-494-infected MDSCs compared with lv-ctrl MDSCs at the 72-h time point (p , 0.01), whereas lvThe Journal of Immunologysponge markedly induced the apoptosis of MDSCs (Fig. 4A , lvsponge versus lv-ctrl, p , 0.01). It indicated that the prolonged life span of MDSCs by miR-494 may partially contribute to the expansion and accumulation of MDSCs in tumor-bearing mice.
We then detected whether the manipulation of miR-494 could affect the expression of ARG1 and MMPs in MDSCs. As expected, the expression levels of ARG1, MMP2, MMP13, and MMP14 were significantly upregulated in lv-494-infected MDSCs compared with those in lv-ctrl-infected MDSCs (Fig. 4B) ; moreover, lvsponge overtly blocked the induction in the expression of these molecules. To confirm further the effects of miR-494-induced MMPs in MDSCs on tumor invasion, we performed in vitro invasion assays. 4T1 cells labeled with CMTMR alone or with lv-494-infected MDSCs labeled with CFSE were seeded into the top chamber of Transwell filters coated with Matrigel. We found a significant increase in 4T1 cell invasion when they were mixed with lv-494-infected MDSCs. Importantly, GM6001, an inhibitor of MMPs, dramatically attenuated the cell invasion (Fig. 4C, 4D ). These data strongly indicated that miR-494 plays a key role in regulating the nonimmunological functions of MDSCs for the facilitation of tumor cell invasion.
Next, we tried to investigate whether miR-494 also regulates the migration of MDSCs. It has been previously reported that the chemokine receptor axis SDF-1/CXCR4 serves as an intrinsic mechanism for the recruitment of MDSCs into tumors (11) . We examined the expression of CXCR4 on the surface of MDSCs and found no significant difference regardless of overexpression or inhibition of miR-494 in MDSCs (Fig. 4E) . Notably, the in vitro cell migration assays showed that miR-494 indeed increased the efficiency of CXCR4-mediated chemotaxis, whereas miR-494 sponge markedly inhibited the migration of MDSCs (Fig. 4F) .
In addition, we tested whether the expression of miR-494 could influence the immunosuppressive activity of MDSCs. The EG7 tumor model was used to investigate the possible role of miR-494 in regulating the Ag-specific T cell hyporesponsiveness induced by MDSCs. MDSCs isolated from EG7-bearing mice were infected with the indicated lentiviral vectors. As shown in Fig. 4G , OT-1 CD8 + T cell proliferation was significantly suppressed by lv-494-infected MDSCs in comparison with lv-ctrl-infected MDSCs, and this suppressive activity could be partially blocked by an ARG1 inhibitor nor-NOHA. Infection of MDSCs with lv-sponge had very limited effect on OT-1 cell proliferation.
Taken together, the data suggested that high level of miR-494 in MDSCs not only altered the intrinsic apoptotic/survival signal but also enhanced the efficiency of CXCR4-mediated chemotaxis, the immunosuppressive activity, and the ability to facilitate tumor cell invasion, thus indicating that the activity of tumor-expanded MDSCs is miR-494 dependent.
Knockdown of miR-494 attenuates primary tumor growth and metastasis in vivo
To investigate whether the manipulation of miR-494 in MDSCs could influence the tumor progress in vivo, we used a spontaneously metastasizing 4T1 mammary tumor model that closely mimics human breast cancer. We also observed the effect of lvsponge on tumor metastasis in a CD8 + T cell depletion group to exclude the influence of primary tumor size on lung metastasis. The mechanism of miR-494 sponge is specifically to block the interaction of miR-494 with its real targets via competitive binding of miR-494. First, we detected the expression of mir-494 in various types of cells and lymphoid organs by RT-PCR. mir-494 expression was barely detected in 4T1 tumor cells or T or B lymphocytes, so it can be expected that administration of lvsponge mainly inhibits the function of highly expressed miR-494 in MDSCs (Supplemental Fig. 3C ). As shown in Fig. 5A and 5B, the growth of the primary tumors was significantly reduced and colonies of metastatic cells were rarely detected in the lungs of mice treated with lv-sponge, whereas a high number of lung metastases was detected in the mice treated with lv-ctrl (lv-sponge + iso mAb group versus lv-ctrl + iso mAb group, p , 0.01). The inhibitory effect of lv-sponge on primary tumor growth is most likely due to the enhanced CTL activity resulting from the reduction of MDSC accumulation in tumor tissue, because the depletion of CD8 + T cells restored the primary tumor growth (Fig. 5A ). More importantly, depletion of CD8 + T cells barely affected the antimetastatic effect of lv-sponge (lv-sponge + 2.43 mAb group versus lv-sponge + iso mAb group, p . 0.05) (Fig. 5B) . Impressively, although CD8 + T cell depletion (lv-sponge + 2.43 mAb group) restored the primary tumor growth and the accumulation of MDSCs in the spleen (compared with the lv-sponge + iso mAb FIGURE 2. TGF-b1 is responsible for the upregulation of miR-494 in MDSCs. Gr-1 + CD11b + cells isolated from the bone marrow of naive mice were cultured with fresh medium (ctrl) with serial dilution of TCCM (A) or fresh medium (ctrl) with 10 ng/ml TGFb1, 10 ng/ml GM-CSF plus 10 ng/ml IL-6 (B), or 10 mg/ml anti-TGF-b1 Ab ( (Figure legend continues) group, p , 0.01), the number of tumor-infiltrating MDSCs in the lv-sponge + 2.43 mAb group still exhibited a dramatic decrease compared with that in mice treated with lv-ctrl + 2.43 mAb (p , 0.01) (Fig. 5C-E) . It indicated that knockdown of miR-494 indeed impaired the ability of MDSCs to infiltrate into the tumor tissue. These results suggested that knockdown of miR-494 not only inhibited the primary tumor growth by the increased CD8 + T cell response, which resulted from the decreased MDSC accumulation in the tumor sites, but also impaired the intrinsic ability of MDSCs to facilitate tumor invasion and metastasis.
Furthermore, the combination therapy of lv-sponge and surgery significantly prolonged the survival period of tumor-bearing mice, 40% of which survived and remained healthy .50 d postsurgery, whereas all the mice in the lv-ctrl group died of metastases (lvsponge + iso mAb group versus lv-ctrl + iso mAb group, p , 0.01, Fig. 5F ). Therefore, miR-494 might be a potential target for therapeutic intervention of mammary carcinoma with metastatic properties.
PTEN is a functional target of miR-494, and the PTEN/Akt pathway is critical for the activation of MDSCs
It is generally accepted that miRNAs exert their function through regulating the expression of their target genes. Thus, we took advantage of multiple prediction algorithms (miRBase, PicTar, and TargetScan v.5.1) to identify the potential miR-494 targets related to the functions of tumor-associated MDSCs. Among hundreds of potential target genes, PTEN, a major negative regulator of the PI3K/ Akt signaling pathway involved in cell growth, apoptosis, motility, and differentiation, was demonstrated in this study to be a functional target of miR-494 in MDSCs. It is known that PTEN plays an essential role in neutrophil spontaneous death and can negatively regulate CXCR4-mediated chemotaxis (24, 25) . We first compared PTEN mRNA and protein expression levels between tumorexpanded MDSCs and Gr-1 + CD11b + cells from tumor-free mice. The Journal of Immunologyfrom tumor-free mice, whereas PTEN mRNA expression showed no difference (Fig. 6A) . The inconsistency between PTEN mRNA and protein levels hints that an miRNA-mediated mechanism may be involved. To confirm further the possibility that PTEN may be regulated posttranscriptionally by miR-494, 39-UTR of PTEN reporter plasmid was constructed. When the reporter plasmids with miR-494 mimics or the scrambled oligonucleotide were cotransfected to HEK-293 cells, we observed that the miR-494 mimics markedly decreased the luciferase activity (Fig. 6B) . Furthermore, transfection of lv-494 significantly decreased PTEN expression in MDSCs, thus suggesting that endogenous PTEN is targeted and regulated by miR-494 (Fig. 6C) .
To confirm whether miR-494-induced activation of MDSCs was mediated by targeting of PTEN expression, we designed a lentiviral vector encoding 39-UTR-depleted PTEN to enforce the expression of PTEN in MDSCs. Overexpression of PTEN in Gr-1 + CD11b + cells did not affect the TDF-induced miR-494 upregulation, whereas the increased expression of MMPs induced by TCCM were significantly blocked (Fig. 6D) , and SDF-1/CXCL12-mediated MDSC migration was abrogated (Fig. 6E) . These data strongly indicated that the PTEN expression downregulated by miR-494 is essential for the activation of MDSCs.
Given that PTEN acts as a major negative regulator of the PI3K/ Akt signaling pathway, the phosphorylation level of Akt in Gr-1 +
CD11b
+ cells from naive mice, 4T1-expanded splenic MDSCs, and tumor-infiltrating MDSCs was examined. As shown in Fig.  6F , a significantly high level of p-Akt was detected in tumorexpanded MDSCs compared with that in controls, indicating that the Akt pathway might be important for the activation of tumor-expanded MDSCs. Significantly reduced PTEN expression was also detected in Gr-1 + CD11b + cells after TCCM stimulation (Fig. 6G) ; this was inversely correlated with the phosphorylation levels of mTOR and NF-kB. Previous studies have reported that the mTOR and NF-kB pathways are related to the expression of MMPs (26) (27) (28) . To determine how these molecules were involved, Gr-1 + CD11b + cells from naive mice were cultured with TCCM in the presence of LY294002, BAY-117082, or rapamycin, which were used to inhibit Akt, NF-kB, and mTOR, respectively. As shown in Fig. 6H , the increased levels of MMPs induced by TCCM were completely abolished by LY294002, suggesting that the Akt activity is indispensable for the activation of MDSCs. BAY-117802 significantly blocked MMP13 expression but had a limited effect on the upregulation of MMP2 and MMP14, whereas rapamycin eliminated the expression of all MMPs. These data indicated that the upregulation of miR-494 led to an inhibition of PTEN expression, thereby resulting in an increase in the Akt activity and the subsequent activation of NF-kB and mTOR, all of which played critical roles in controlling MDSC activity.
In conclusion, our findings suggested a new regulatory pathway controlling the activation of tumor-expanded MDSCs (working model, Fig. 7 ). TGF-b1-induced miR-494 was involved in the negative regulation of PTEN expression. Downregulation of PTEN enhanced the activity of Akt and its downstream pathways, promoted the accumulation of MDSCs in tumor tissues, and resulted in the induction of high levels of metalloproteinases (MMP2, MMP13, and MMP14), which are key players in facilitating tumor invasion and metastasis. Therefore, a high level of miR-494 plays an important role in regulating the activity of MDSCs in promotion of tumor progression and might be identified as a potential therapeutic target.
Discussion
Previous studies have revealed the existence of potentially widespread posttranscriptional regulatory mechanisms that have crucial roles in regulating the development and function of immune cells (29) (30) (31) . The mediators of these processes are known as miRNAs, an abundant class of endogenous, small, noncoding RNAs that can form imperfect Watson-Crick bp at multiple sites within the 39-UTR of their cognate mRNA targets to repress their expression (32, 33) . miRNA dysregulation in immune cells can lead to various immune-related pathological disorders, such as inflammation and cancer (34) . Accumulating evidence indicates that MDSCs expanded by TDFs are negative regulators for the anti-tumor immune responses. More importantly, they have remarkable nonimmunological activities that contribute to tumor progression (19, 23) . A very recent study reported that miR-17-5p and miR-20a alleviated the immunosuppressive potential of MDSCs by modulating STAT3 expression (35) . However, the molecular events controlling the accumulation and activation of tumor-expanded MDSCs are largely unknown, and it is also not clear whether and how noncoding RNAs are involved.
In this study, we reported that miR-494 expression was significantly increased in MDSCs derived from six different tumor models compared with the amount found in control cells. TCCM could markedly induce the expression of miR-494 in Gr-1 + CD11b
+ cells in a dose-dependent manner. We identified TGF-b1 as one of the main factors responsible for the miR-494 upregulation. TGF-b plays an important role in tumor initiation and progression, functioning as both a suppressor and a promoter. It has been shown to inhibit epithelial cell proliferation and promote epithelial cell apoptosis. TGF-b1 transgenic mice are resistant to chemical carcinogen DMBA-induced mammary tumor formation (36) . However, treatment of TGF-b1 knockdown mice with chemical carcinogens resulted in enhanced tumorigenesis (37) . Many studies have shown that TGF-b produced by tumor cells and various types of immune cells exerts critical roles in the negative regulation of host immunosurveillance (38) . In addition to the suppressive effect on the proliferation and activation of effector immune cells, our results indicated that TGF-b1 released from tumor cells has forceful actions in regulating the functions of MDSCs by inducing miR-494 expression; this induction was dependent on the Smad 3 pathway. The fact that MDSCs can also produce TGF-b suggests a positive feedback loop that may act to amplify the effect of miR-494 on MDSCs. Tumor-infiltrating MDSCs had significantly higher expression levels of miR-494, ARG1, and MMPs compared with those of splenic MDSCs, which might be partially due to the higher level of TDFs (e.g., TGF-b1) in the tumor microenvironment. The growth of the primary 4T1 tumors was reduced and lung metastasis was rarely detected when endogenous miR-494 activity was inhibited in vivo. Even when the depletion of CD8 + T cells restored primary tumor growth, inhibition of miR-494 still significantly reduced the lung metastases; this, in combination with the data from the in vitro invasion assay, suggested that miR-494 governs the activity of MDSCs in facilitating tumor invasion and metastasis via regulating the expression of MMPs. The MMPs are a family of extracellular endopeptidases that can degrade virtually all extracellular matrix components (39) . The MMPs have been implicated in the processes of tumor invasion and metastasis, and their overexpression is associated with an aggressive malignant phenotype and a poor prognosis in patients with cancer (40) . The MMPs are also key regulators of the epithelial to mesenchymal transition, angiogenesis, and cancer-associated inflammation (41, 42) . MMP14, one of the most studied MMPs, can activate pro-MMP2 and pro-MMP13, and the expression of MMP14 was colocalized with that of MMP2 and MMP-13 suggesting their contribution in a proteolytic cascade (43, 44) . MMP-2 has been identified as a modulator that selectively mediates the lung metastasis of breast cancer (40) . It has been recently emphasized that most of the MMPs are predominantly produced by stromal cells and tumor-infiltrating inflammatory cells rather than cancer cells (45, 46) . Yang et al. (11) have reported that tumor-infiltrating MDSCs produce multiple MMPs (MMP2, MMP13, MMP14) that significantly contribute to tumor invasion and metastasis; however, the mechanisms whereby the expression of these MMPs is controlled in MDSCs still remain unclear. In the current study, we provide a new insight that miR-494 in MDSCs could induce the expression of MMPs to promote tumor invasion and metastasis. Furthermore, a high level of miR-494 in MDSCs not only altered the intrinsic apoptotic/survival signal but also enhanced the efficiency of CXCR4-mediated recruitment and the immunosuppressive activity of MDSCs.
Recent studies have reported that the JAK/STAT signaling pathways play crucial roles in the biological activity of MDSCs, and STAT3 pathway is mainly involved in the regulation of the immunosuppressive function of MDSCs (8, 12, 47, 48) . However, it is still not clear whether other signaling pathways are involved. As a tumor suppressor, a mutated or inactivated form of PTEN is frequently observed in a wide variety of human cancers (49) . In addition to its tumor-suppressive function, PTEN also plays a critical role in the maintenance of the normal physiological functions of many organ systems. In the immune system, published work has shown that depending on the cell type, PTEN is important for proper development, cell fate, and cell function (50) . Another important finding of the current study is that the PTEN/Akt pathway is critical in regulating the nonimmunological functions of tumorexpanded MDSCs. PTEN expression in MDSCs was suppressed by TDF-induced upregulation of miR-494, which enhanced the infiltration of MDSCs into the tumor site via the SDF-1/CXCR4 axis. Furthermore, downregulation of PTEN activated the PI3K/Akt pathway that alters the intrinsic apoptotic/survival signal to prolong the lifespan of MDSCs, which further contributed to the MDSC accumulation. More importantly, the activated PI3K/Akt pathway potently promotes the expression of MMPs to facilitate tumor cell invasion and metastasis.
In summary, we have demonstrated an important regulatory pathway in governing the accumulation and activation of tumorassociated MDSCs. miR-494 in MDSCs was upregulated by TDFs and played a critical role in promotion of tumor growth and metastasis by regulating the activity of MDSCs via targeting of PTEN, thereby resulting in the subsequent activation of the Akt, NF-kB, and mTOR pathways and induction of expression of MMPs. Targeting of miR-494 not only generates anti-tumor immunity but also inhibits tumor metastasis and thus might be explored as a potential therapeutic target.
